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Introduction
There is strong interest in improving spark-ignition and in reducing fuel consumption. For these reasons, it is of great importance to have accurate predictions of mechanical losses, a great part of which are friction losses due to the relative movement of adjacent components of the engine. Numerous publications have been made that detail measured and analysis based frictional losses incurred when running reciprocating engines. However, results are difficult to validate since the total friction loss is the summation of losses arising from many components in the engine. These friction components respond differently to variations of pressure, temperature, and speed as engine load varies [1].
The model for predicting "friction mean effective pressure" (fmep) described in this paper was developed to predict spark-ignition engine friction using basic engine design and operating parameters as inputs [2] . However, the data used to develop this model date back to the late 1980s. In order for this model to predict friction loses that occur in current engines, it was necessary to compare it to current engine friction data. This allowed an assessment and a recalibration of the friction terms in the model. Current engine friction data was used to determine the changes that needed to be made to certain constants in the model. The model was also expanded to include the lubricant viscosity in the model to include the effects of component temperature on the engine during cold start and warm-up transients.
Finally, a comparison between pumping loses in the intake, exhaust, and the terms representing changes in cylinder gas pressure were made. The effect of these latter changes was minimal.
This thesis is organized as follows. A brief overview of the components of the engine friction model is presented, to explain what considerations were included in developing a friction model. The prior and improved models are then presented to show and explain the modifications that have been made to the friction terms. Data are then presented to compare the "old" and "new" model in a brief summary and the in a comparison of model breakdown against current engine friction data. Developing this model further, also allowed the effects of changing coolant temperature to examine the model effect of changing from start-up to warm-up conditions. Finally, a summary is presented to explain the improvements in the model and suggest some changes to keep it robust.
Engine Friction

Components of Engine Friction
Engine friction losses can be divided into three main categories: mechanical or rubbing losses, pumping losses, and auxiliary component losses. These losses are defined as follows [3]:
1.
Rubbing losses or mechanical losses are those losses which result from relative motion between solid surfaces in the engine; i.e., the motion between a piston and a cylinder wall or a crankshaft journal and a main bearing. Relative motion does not require that the two solids be in contact with each other; in fact, it is generally the case that there is a film of lubricant between the surfaces.
2. Pumping losses are those losses associated with transporting fluids through the cylindermade up of intake and exhaust pumping.
a. Intake -Drawing the gas mixture through the intake system and into the cylinder.
b. Exhaust -Expelling the burned gases from the cylinder and out of the exhaust system.
3.
Auxiliary component losses are losses in driving engine accessories. These can include: the fan, the water pump, the oil pump, the fuel pump, the generator, a secondary air pump for emission control, a power-steering pump, and an air conditioner. Under most engine tests, the main accessories considered are those necessary for normal engine operation: the oil pump, the water pump, the fuel pump, and sometimes the alternator.
Measuring Friction
Two commonly used methods to obtain engine friction are "firing" and "motoring" of an engine.
A true measurement of friction in a firing engine can be obtained by subtracting the brake mean effective pressure (output) from the indicated mep (energy transfer to each piston) determined from accurate measurements of cylinder pressure throughout the cycle. Pumping mep is obtained from the p-V data leaving mechanical and auxiliary friction losses. The second method is direct motoring of the engine, the engine is driven without firing, under conditions as close as possible to firing; for example, similar 
Prior and Improved Friction Model
Background
The total engine friction prediction was defined as the sum of the predictions for mechanical, auxiliary, and pumping losses [2] . The rubbing and auxiliary losses were expressed as friction mean effective pressures, and the pumping loss was expressed as a pumping mean effective pressure, where mean effective pressure, mep, is defined as the work per cycle per unit of displaced volume:
Vd
For individual rubbing friction interfaces and the auxiliary components, terms that related fmep to the basic engine design and operating parameters were developed. For the pumping loss, terms that related intake and exhaust system pressure drops to the appropriate design and operating parameters were developed. The resulting model was in the form:
Relating rubbing interface fmep to design and operating parameters was a three-step process.
First, an assumption that identified the type of lubrication present was made to determine the relationship between the friction coefficient and a dimensionless duty parameter, which was a function of viscosity (g), velocity (V), and unit load (P). Figures 1 and 2 show the Stribeck diagram that plots friction coefficient vs. duty parameter, gV/P. There are three lubrication regimes that are important for engine componentsboundary, mixed, and hydrodynamic lubrication. In boundary lubrication (no apparent lubrication) the friction coefficient is essentially constant. In mixed lubrication (some lubrication) the friction coefficient was assumed to vary inversely with engine speed. In hydrodynamic lubrication (full film lubrication) the friction coefficient was assumed to vary with a term proportional to the duty parameter [2] .
The second and third steps in the rubbing friction term development were to use the friction coefficient to derive a term proportional to fmep for the interface in consideration and to "calibrate" the terms by multiplying them by constants based on empirical results. Patton explained the detailed analysis used to derive the terms, and used friction data for individual engine components and groups to calibrate these terms.
The auxiliary and pumping fmep terms were independent of lubrication. These terms are explained in Section 3.3.1, Component Breakdown. 
Modification of Friction Model
The purpose of this investigation was to determine how well the friction model predicted friction for current engines to then improve the predictive accuracy of the model. Engine development has significantly improved engine performance and efficiency over the past 10 years or so. Modifications in oil viscosity, crankshaft bearings and seals, piston design, piston ring design, liner roughness, and valvetrain mechanism, have decreased the total amount of friction losses in modem engines [1].
The improvements made in the friction model were made knowing that the friction work components fall under three main categories: those that are independent of speed (boundary friction), proportional to speed (hydrodynamic friction), or those proportional to speed squared (turbulent dissipation). Other components are a combination of these [3] .
Literature on engine lubrication suggested that the hydrodynamic terms in the model should be modified to compensate for the differences between oil grades and the temperature dependence of engine oil viscosity. The fundamental literature for tribology of reciprocating engines shows that the viscosity scaling that should be included in the hydrodynamic friction terms has the form [6]:
where g(T) is the viscosity of the oil in the engine for which friction predictions are being made, and po(T.) is the reference viscosity for the engines that provided the data used to calibrate the model when it was first developed. Patton's paper [2] indicates that a reference 10W30 oil was used (viscosity 10.6 cSt at 90'C) in obtaining the engine data he used. This falls in the midrange of current oil grades used in engines. Table 1 , shows current typical viscosity data for different oil grades: A more detailed set of oil grades that listed kinematic viscosity v is given in the Appendix A.2. Since the relationship between v and p is a scaling factor, which is constant density, Equation 3 was written as:
where v(T) is the viscosity of the oil in the engine that is being tested, and v 0 (T) is the reference viscosity at reference temperature T.. The Vogel equation, which gives the relation between temperature and low shear kinematic viscosity, was used in the form [8]:
where vo is the kinematic viscosity of the low shear rate oil in cSt, and k(cSt), 6 1 (*C) and 0 2 ('C) are correlation constants for an oil and T is the oil temperature in 'C. Furthermore, the low shear rate viscosity was multiplied by a ratio of pt/g. to convert to the high shear rate kinematic viscosity used in the model. This was done because most of the engine components operate at a high shear range where multi grade oils exhibit shear thinning.
V= (6)
The oil grades and constants used are listed in the Appendix A.2 [8] .
Modifications in the boundary and mixed lubrication terms were also made. The terms in each component of the friction model that were changed, and the explanation for that change, are detailed in the following section.
Component Friction Models
The following sections describe each term in the crankshaft, reciprocating, valvetrain, auxiliary, and pumping models. Each section describes the lubrication regime that was used to develop the terms for each model and the modifications made to each term. A detailed explanation on the derivation of each term can be found in Patton [2] . The definitions of all symbols and the expression for the total fmep are included in the Appendix A. 1 and A-2.
Component Breakdown
1.
Rubbing friction was divided into three component groups:
Crankshaft -Main bearings, front and rear main bearing oil seals.
Reciprocating -Connecting rod bearings, pistons, and piston rings.
Valvetrain -Camshafts, cam followers, and valve actuation mechanisms.
2. Pumping losses were:
Intake system, intake and exhaust valve(s), and exhaust system.
Turbulent dissipation in hydrodynamic journal bearings (in rubbing friction component).
Auxiliary losses were:
Oil pump, water pump and alternator (necessary for normal engine operation).
* A cross sectional view of an engine showing the components is found in the Appendix A-1.
Crankshaft Friction
Crankshaft friction was estimated by adding a prediction of front and rear main bearing seal friction to a prediction of main bearing friction. The main bearing friction prediction included a hydrodynamic journal bearing term and a turbulent dissipation term, the latter accounting for losses due to the transport of oil through the bearings. The three terms that make up the crankshaft friction were:
The first term gave the friction of the main bearing seals. The seals were assumed to operate in the boundary lubrication regime due to direct contact between the seal lips and the crankshaft. The seal lip load was assumed constant. The second term was for the main bearing hydrodynamic frictionderived using the friction coefficient for hydrodynamic lubrication. The last term accounted for the turbulent dissipation, the work required to pump fluids through flow restrictions [3].
Modifications
The only modification made to the crankshaft friction model was to include the viscosity scaling in the hydrodynamic friction term.
Reciprocating Friction
The reciprocating component group friction prediction included piston, piston ring, and connecting rod friction. Piston ring friction was divided into two terms; one that predicted friction for the piston rings without gas pressure loading, and one that predicted the increase in piston ring friction caused by gas pressure loading. The resulting friction terms were:
Terms without gas pressure loading 
The first term gives the piston friction assuming hydrodynamic lubrication. The second term is for the piston ring friction term developed assuming mixed lubrication. The function, 1+1000/N, was selected to make the friction coefficient decrease by a factor of 2.5 from low to high speeds. The last term accounts for the hydrodynamic journal bearing fmep term for connecting rod bearings. This term is the same as the term for the main bearings in Equation 7.a.
Terms with gas pressure loading rfinepgas = 6.89-
The term for piston ring friction due to gas pressure loading used the product of intake pressure (p) and a factor which included compression ratio (re) raised to constantrelating to the physics of the compression process.
Modifications
There were several modifications made to the piston terms, as there have been considerable improvements in piston rings and liner to reduce the amount of friction between these two surfaces.
Terms without gas pressure loading were made. Two factors, piston ring tension and surface roughness, were included to take into account a decrease in piston friction due to these two terms. Although studies have been made to measure these contributions, the improvements can only be accounted on a case-by-case basis. For this study, the engine data for piston friction was used to give a value to these terms. The last change was to decrease the value of the function, 1 +1000/N to I +500/N, to make the friction coefficient decrease by a factor of 1.8 instead of 2.5, which affects the friction coefficient for boundary lubrication.
Terms with gas pressure loading rfinepgas = 6.89 0. 0 8 8
For the equation with gas pressure effect, the viscosity scaling was included in the first term. For the second term, the piston ring tension factor was also included. For the exponential term, the constant K was doubled to reflect a reduction in liner roughness.
Valve Train Friction
The valvetrain component friction prediction included estimates of camshaft, cam follower, and valve actuation mechanism friction for a variety of valvetrain configurations. Flexibility dictated that the model be general enough to predict friction for multiple types of interfaces, yet selective enough to include only the effects of specific components for a desired valve configuration. n BSn, N Sn.
The first term gave the camshaft bearing hydrodynamic friction. This term had a form similar to those of the main and connecting rod journal bearing terms. Engine data indicated that some of the friction was independent of piston speed (extrapolation back to zero engine speed gave a nonzero fmep value), so a 
Modifications
There were two main modification made to the valve train friction terms. The first was including the viscosity scaling in the camshaft bearing and oscillating hydrodynamic friction terms. The second, was to lower the value of the function, 1 +1000/N to 1 +500/N, in the flat follower and oscillating mixed lubrication term.
vfnep=244 -
+C 1+
+, + +N + C J + CO, 1+ (10.b) p,0 B2n N S f Sn, -BSn, N Sn,
Auxiliary Friction
The The constants were determined from a group of small, high-speed diesel engines. The negative coefficient for the engine speed squared term resulted from a gradual leveling off of oil pump fmep;
typically, as oil pressure reaches its limited value in the middle speed range, less work is required of the pump.
Modifications
There were no modifications made in the auxiliary components losses since the terms were only dependent on engine speed. Also, there was not enough information available to determine properties of the components being tested in the first set of engines or in the engine data used to modify the model.
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Pumping Losses
The pumping loss model predicted intake and exhaust pumping mean effective pressure (pmep).
Pumping work for either the intake or exhaust strokes was defined as the difference between cylinder pressure and atmospheric pressure, integrated over the volume of the intake or exhaust stroke. The intake and exhaust terms are listed below.
Intake pmep i = (p P + 4.12 x 10 -3 (12) p n, r
The first term for the intake pmep was assumed to be equal to the sum of the intake manifold vacuum and the intake valve pressure drop term. Intake manifold vacuum was calculated directly as the difference between atmospheric and intake pressure (papi). The second term measured intake valve pressure drop. 
Exhaust
The first term in the exhaust model measured the exhaust system pressure drop. It was derived to measure typical production engine systems. The second term measured exhaust valve pressure drop.
Modifications
The constant for both valve pressure drop terms in Patton's model was based on results for diesel engines.
The assumption that had been made was that pmep for SI engines was similar to pmep for diesel engines.
Results from motoring tests of SI engines have indicated that the constant may have been too high. In this modified model, the constant for the valve pressure drop was changed to 3.0 x10 3 kPa-s 2 /m 2 , following Patton's suggestion. The smaller constant may also take into account improvements in intake manifold design. With this change, the model gave a more accurate prediction for the intake and exhaust losses. 
Comparison of Prior and Improved Model
Engine Parameters
The modifications to the friction model were based on friction data from two current production engines and a prototype engine. The two current production engines were tested by motoring. This gave component friction data that allowed us to modify and compare the results for each component of the model. The engines were tested at an engine coolant temperature of 90 0 C. The following table lists the engine parameters that were used in the friction model. This reciprocating model showed the similar increasing trend for the piston group friction. The data did not show such a trend. In the model, it is difficult to predict the dynamics of the tangential forces and lubrication characteristics at varying piston speeds. The model and data for the 5.4L engine showed the friction trend at various piston speeds, with an upward turn at 6000 rpm for the data.
Crankshaft Friction
Terms with Gas Pressure Loading
Data was not available to compare the gas pressure loading effect on the piston friction term because data has to be collected with the cylinder head and valvetrain mechanism. The match between model and data fit well considering the flexibility of that the model had to predict friction for multiple types of interfaces. The constants for the 3.0L DOHC finger follower valvetrain mechanism were obtained by matching the model to the engine data. The first three constants terms were kept the same as the constants for a SOHC finger follower configuration. The oscillating mixed constant was set as 0.6 times the constant for the SOHC finger follower. This gave the best fit between data and model.
Valvetrain Friction
For the 5.4L engine, the difference at low and high engine speeds in the model may have been accounted for by the decrease in the boundary lubrication function term of 1 +1000/N to 1 +500/N.
However, the data between the 2000 to 5000 rpm range matched extremely well. higher speeds, there is a sudden increase in the auxiliary losses based on the data. Although the characteristics of the accessories (oil pump, water pump, and alternator) were not studied, there are many friction losses that could have increased at higher speeds. There may have been high friction of the bearing and seals in the accessories at higher speeds. Also, the high hydraulic power that the oil and water pump produce, leads to an increase in the friction losses. For example, high-pressure losses occur in the narrow cross sections that the oil and water have to flow through. ........   .......................... Figure 4 -14, shows the pumping losses for the 6.4L engine. This engine was used to verify the intake and exhaust friction mean effective pressure. The total pumping losses are the sum of the intake and exhaust system, and intake and exhaust valve pressure drop suggests the model oversimplifies the complexity of the intake and exhaust system. For this reason, the data was plotted for increasing intake map, mean atmospheric pressure, at constant speeds. The model shows the same trend for the pumping losses for increasing speeds and increasing map. At 1000 rpm, there is the largest difference between the model and the actual data. For increasing speeds, this difference decreases significantly and for 3000 rpm, the model matches the data fairly well. Also, at speeds higher than 2000 rpm, there is a slight kick in the model prediction caused by the pressure and mean piston squared terms. At higher speeds and maps, the exhaust system and both valve pressure drop terms have a higher contribution to the pumping losses. 40.00
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Engine Warm Up
The viscosity scaling included in this model allowed us to see the effect of oil temperature on the different friction models. Shayler [10] included a modification in the previous Patton model to account for the increased friction losses, which arise during engine warm-up. These losses were attributed primarily to the effect of temperature on oil viscosity. In the test, the engine was allowed to soak down to room temperature (20'C) prior to each fired friction test. A plot of friction power loss against time from engine start was obtained. Several similar tests were carried out and all of these indicate that the friction power loss at engine start-up is over two times higher than the hot engine friction power loss.
With the modified friction model, data could now be collected given a particular temperature to calculate oil viscosity. Figures 4-15 and 4-16 show data that the model gave for different temperatures which affected the oil viscosity and therefore affected the friction terms. Comparing the total mechanical friction at 20 and 90*C shows a friction loss of about 2.1 times the hot engine friction power loss. This is comparable to the data that Shayler obtained from the firing tests. 
Summary
This paper documents the changes made to the Patton Friction Model to improve the predictive accuracy of the model. These changes were based using three engine data sets. The modifications were made knowing that the friction work components fell under three main categories; independent of speed (boundary lubrication), proportional to speed (hydrodynamic friction) or to speed squared (turbulent dissipation), or some combination of these. Modifications were made to the hydrodynamic terms to include their sensitivity to differences in oil grades and temperature. Changes to the boundary and turbulent terms were made knowing that engine design has changed to lower the total friction losses in an engine. Based on the model evaluation and subsequent use of the improved model, the following conclusion were drawn:
1. The experimental data shows that engine friction has decreased as engine design has improved. Main areas where model changes to reduce friction were piston friction and pumping losses.
2. More reliable predictions of crankshaft, reciprocating, valvetrain, and auxiliary friction and pumping losses can be made. The crankshaft and auxiliary friction models gave noticeable differences between model and data. The model under predicted crankshaft friction. For the auxiliary model, a constant difference was seen at speeds higher than 3500 rpm. However, the sum of the total friction losses gives an accurate prediction of the total engine friction.
3.
The oil viscosity scaling with temperature allowed comparing the friction power loss from engine start to hot conditions. Comparing the total mechanical friction at 20 and 90'C showed a friction loss of about 2.1. This was comparable to the data that Shayler obtained from the firing tests. 4. The model now predicts, with acceptable accuracy, total friction and its major components in modem gasoline engines. 
Appendix
